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DC ARC INTERRUPTION IN PRESSURIZED GASES
P. Chowdhuri, Senior Member IEEE
Los Alamos Scientific Laboratory*
Los Alamos, NM 87545

SuRRY

Low-voltage (1000 V and below) dc circuit inter-
ruption is of vital importance to many indu:.tries,
such as transportation, chemical, etc., especially
because ¢f the increasing application of power semi-
conductor devices. The main areas of interest in the
technology of low-voltage dc circuit interruption are:

(1) short interruption time
(2) minimum contact erosion

Short interruption time 1is required to protect
the overcurrent-sensitive devices. Contact erosion
has always been a serious maintenance problem for dc
contactors.

A review of literature showed that most of the
presious studies on low-voltage dc ar. interruptior
were made with plain eolectrodes to understand the
basic performance of the various gases. It was
thought that the arc runners, *the bluwout coils and
the ar~ chutes wil. be essentiel for Jlow-voltage dc
circuit bre-kers and contactors, Therefore, it would
he approp* .atc to enclose the ertire circuit breaker
or contactcr 1in atmospheies of varilous gases to
assess Ity interrupting capability.

Tesls were conducted on a 100-A, 600-V dc con-
tactor with arc chute. The tqtal vo1um§ of Lhe
con*tactor is about 8495 cm (0.3 ft9). The
contactmr was enclosed inside a 0.15-m3 (5.4-ft3)
steel cylindrical tank of 686-mm (27-inch) lergth and
533-mn (21-inch) internal diameter.

It was found that the contact sticking problem
was particularly severe with plain copper contacts,
It also appeared that the contact sticking problem
was minimized when the moving contact was thn posi-
tive electrade, All tests described in this paper
were performed with copper contarts brazed with sil-
ver contact plates, the whole assembly being silver
dippei, and with the moving contact connected to the
positive side nf the source voltage.

lests were started at 200 V dec, continued in
strpy to higher yoltages and fluishad at about 1350 V
with a constort resistive load of about 9 0 ohw and
about 61 m (/00 1t) of connerting cables,

ients wore porformed  in five gases — arqon
dry air, nitrogen, helium and hydrogen, cach at four
pressives — O 0, 0,34, 0% aml 0,69 MPa (b,
h0), Jh aml 100 psiq),

Gene, :1ly, throe Interruptions were made at each
voltage Irve'.  The contarts were changed aftor each
series of tast,  The main hndy of Lhe contactos and
the are chute were changed only when the jas was
changed,  For instance, the same main body amd the
art chute of the test contaclor weee used for all
tosts  In hydrogea, but  the contarts were  changed
after each seriey of test at A corstant pressure,

Fork perTovaed At toneral rTectele Company, [rie, 0A,

The test contactors never failed to interrupt
the power. The tests were usually terminated when
the highest allowable voltage uf the dc machines was
reached or the arcing time was too long or if the
safety valve of the pressure chamber opened betcause
of excessive pressure build up.

The summary of the test results at 0.17 Mpra
(25 psig) 1is shown in Fig. 1. Average arcing times
are plotted a?ainst interrupting power on semilog
papers to facilitate comparison of performance amony
the five gases.

The pertormance of the various gases was quali-
tatively assessed by studying their physical and
therTudynamic properties, and compared with the test
results.

It was concluded that:

(1) For the test conditions: ({a) the average arcing
times in helium and hydrogen arec the shortest
and that 1in argon the Inngest; {(b) contact
erosion in hydrogen is the worst and that in
argon the least; and (c) the stalic pressure n
the chamber does njt appear to have much effecl
on the arc interruption phenomenon,

(7) For relatively low-power and slow-sperd inter-
ruptions, such as contactors, aryon would be the
best meJium because it produces thy least con-
tact erosion. For high-power and hic' =5pecd
interruptions, such as clrcuit oreakers, helium
or hydrogen would be the most suftable,
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DC ARC INTERRUPTION IN PRESSURIZED GASES

P. Chowdhuri, Senior Member IEEE
Los Alamos Scientific Laboratory*
Los Alamos, NM 87545

Abstract - The purpose of the study was to ‘n-
vestigate the possibility of achieving (1) short
interruption time and (2) minimum contact erosion in
a dc circuit interrupter. Arc interruption tests
were perfurmed on & 100-A, 600-V dc contactor under
atmospheres of argon dry air, nitrogen, halium and
hydrogen, each at four pressures 0,17, 0.34, 0.52 and
0,69 MPa (25, 50, 75 and 100 psig). It was found
that “he average arcing time in helium and hydrogen
was the shortest, and that in argon the Tlongest for
the circuit conditions used. The contact erocion in
hydrogen was the worst, and that in argon the bes:
for the contact materials used in the tests. The
static pressure in the chamtar ¢id not appear to have
much effect on the arc interruption phenomenon for
the contac'or and gas pressures used.

INTRODUCTION

Low-voltage (1000 V and below) dc circuit i{nter-
ruption 15 of vital {importance to many industries,
such as transportation, chemical, etc., especially
because of the increasing application of power semi-
conductor devices. The main areas of interest in the
technology of low-voltage dc circuit interruption are:

(1) short interruption time
(2) minimum contact erosion

Short interruption time is required to protect
the overcurrent-sensitive devices. Coniact erosion
has always been a serious maintenance problem for du
contactors.

A review of literature showed that most of tte
previous studies on low-voltage dc arc Interruption
were made with plain electrodes to understard the
basic performance of the various gases, It was
thought that the arc runners, the blowout coils and
the arc chutes will be cssential for low-voltage dc
circuit breakers and contactors. Therefore, ¢ would
be appropriate to enclose the entire circuit breater
or contactor in atmospheres of various gases to
assess its interrupting Lapabiiity.

REVIEW OF PAST WORK

Suits studied electric arcs between copper
electrodes in atmospheres of nitrogen, helium, and
ydrogen at 1500 V dc and in the range of 1 to 7 A
f!]. The arc voltage iIncreased two times at a pres-
sure of 100 atmospheres of nitrogen from that of one
atmosphere, and five times at 1000 atmospheres. The
effect of pressure in helium was similar to that

¥'ork performed st General Electric Company, Erie, PA.

in nitrogen. Attempts to obtain measurements in
hydrogen showed a striking instability of the hydro-
gen arc at high pressures. After 12 attempts at 1000
atmospheres of hydrogen, it was found that the arc
was extinguishing by virtue of 1{ts instability so
rapidly that the oscillograms showed only vertical
traces where the current decreased to zero and the
voltage rose tc the full generator value. At this
pressure, the arc duraticn was less than 10 ms.

In nis lacer study, Suits studied the gradient,
the arc voltage and the current density in an one-
atmosphere hydrogesn arc between pure carbon elec-
trodes in the 0-10 A range [2]. Rapid motion pic-
tures of the hydrogen arc at pressures above atmo-
sphere showed violent arc movements originating from
convection torces.

Browne {ound that the ac arc in hydrogen has
very high rate of dielectric recuvery because of high
rate of diffusion of the very light hydrogen ions
[3). 1t is better than air, oxygen, helium and car-
bon dioxide. For 1instance, at 350 u.s after current
zero (600 A, 60 Hz), the dielectric strength of
hycrogen is 500 V/cm; of air is 120 V/cm; of oxygen
is 190 V/cm; of helium 1s 200 V/cm; and of carton
dioxide is 230 V/cm,

Von Engel compared the field
voltages in different gases [4]
100 A, the field irtensity
times higher than that
comes water vapor.

intensity of arc
He found that at
n hydrogen 1s about 20
in air. Naxt to hydrogen

To determine the effect of water vapor on arc
craracteristics, arcs with direct currents in the
range from 20 to 200 A were studied by Benner and
Jones at atmuspheric prescure in_air containing water
vapor in controlled quantities [5]. The water vapor
content of the air was varied from 0.15 to 100 per
cent by volume which corresponds to conditions from
extremely dry air to saturated steam. Iron, copper,
tungsten and graphite were used for the arcing elec-
trodes. It was found that the presence of water
vapor causes en increase in arc voltage compared t9
ine arc voltage in dry air. ‘'iis increase {is 1wch
greater for the electrode materials, ron and copper,
than for tungsten and graphite. These voltage in-
creases appear tc vccur in bouth the arc column and
the electrode drop regions. From an analysis of ih2
results, 1t appeais that the differences between the
effects of air and water vapor on the arc derive from
the predominant roles of the large specific heats nf
water vapor and hydrogen and of the great energy
traasferring properties of hyd-nger attributable to
its relatively small mass.

Farrall aud Cobine made a study Lo determtne the
average duration of dc arcs in various gases at
slightly higher than atmosphe-ic pressure [6i. These

srcs were drawn between 19.1-mm (3/4-inch} copper
contacts 1n a I-liter vessel with power beirg
supniied from a 125-V dc gunerator, The gases
studied were hydrogen, nitrogen, helium, sulfur

hexafluoride, and oxyqen, It wes found that in the
current range studied (about 1 to 45A) arc duration
was always statistical and finite, and that, above
5 A, average arc duration increcsed for these yases
in the order li{sted above. In the case of uxygen and



sulfur hexzfluoride, arc stability {is believed to
have been strongly affected by arc reaction products.

Sulfur hexafluoride (SFg) has proven to be o
good interrupting medium for ac arcs [7]. Because of
its electronegative nature, SFg recovers fts
dielectric strength very fast after the current in an
ac system passes through zero. That is why it is so
successful as an {nterrupting medium in ac circuit
breakers. For dc systems, however, ihe arc veltage
drop has to be higher than the system voltage to
quench the arc. This is an important criterion in a
dc interrupter. Unfortunately, the vnltage gradient
in an arc in SFg s about as low as that in nitro-

gen 8], [9].

Basically, the interrupting ability of an inter-
rupter is very much dependent upon the ratio of the
heat accumulated in the arc space to the rate of heat
loss to the arc boundary. This ratio, known as the
arc time constant, was pruposed by Cassie [10 , Mayr
0] and Browne [129 to study the behavior of an arc
under various condftions. The lower the magnitude of
the arc time constant, the batter will be the inter-
rupting ability of the interrupter.

Yoon and Spindle used this tool to study the
relative arc-quenching ability of SFg, air, NF'
CDp, He, (CI03F, O and the mixtures of Srg
ané N2 fl? . Their tests were performed on <table
arcs, f.e., with constant arc current ang arc
length. Copper “cages" were used to stabilize long
arcs. These cages were made ur of insulated flat
copper rings with various inside diameters and ring
spacings.

For a 1-A vertical arc of 25.4~mm (1-inch)
length in a 14.3.mm (9/16-inch) cage, the arc time
constants ot various gases at 0.41 MPa (4 atmo-
spheres) pressure were as follows:

SFg 2 us
He : 8.5 us
Air 1 15 us
Np ¢+ 435 s

For a 6-A vertical arc of 76.2-mm (3-inch) length in
a 6.4-mm (1/4-inch) cage, the arc time counstants of
SFg ard He at 0.4 MPa (4 atmospheres) pressure
were as folluws:

SF6 H 9.5 us
He ¢ 5.5 us

Under these conditions, the arc time constant of He
was lower than that of SFp up to 0.61 MPa (6 atmo-
spheres) of pressure. It was found that the arc time
constant increases with increase in cage diameter and
current,

The authors conclude. that SF? is about 100
timer better in ac {interrupting ability than air,
However, Browne showed that the ar¢ time constant for
ir_ was only 5 times greater than that of Sfg
14]. 1t should be pointed out that Browne's data
were taken from actusl circuft-treaker performance
undes high-pressure and high-flow conditions whereas
the Yoon-Spindle dats were taken on stationary gas.

1t 15 evident that considerable
remsiny cnncerning the performance of the
gases in arc intcrruption,

disagreement
various

12ST PROCEDURES AND RESULTS

Tests were conducted on a 100-A, 60C-V dc cor-
tactor with arc crute. The contacts were made of"
copper -with silver contact plates brazed to them, the
whole assembly being stlver dipped. The Sotal vo lume
of the contactor is about 8495 cm3 (0.3 ftv),

Ths contactor was enclosed inside a 0.15-m3
5.4-ft steel cylindrical tank of  686-nm

27-inch) length and 533-mm (21-inch) internal diam-
eter. This pressure tank was manufactured to conform
with the ASME Code for Unfired Pressure Vessels, The
pressure tank was fitted with a safety valve and a
relief valve. The safety valve would open with slow
build up of pressure. It would bypass the relief
valve and vent to the atmosphere. The relief vaive
would open with sudden build up of pressure, dis-
charginj to the atmosphere through vent ports situ-
ated in the valve body. The relief valve wzs set to
open at 5,17 MPa (750 psi), and the safety valve at
4.96 MPa (720 psi). The power and control leads were
brought to the contactor through bushings fitted te
one end plate of the tank.

The electrical schematic diagram is shown in
Fig. 1. The dc machines, the resistive load and the
breaker #1 were situated in a building 30.4 m
(100 ft) away from the test contactor. The power was
trought out of the building via cables to the knife
switch, the back-up circuit breaker #2 end the test
contactor which were located in a semi-enclosed area
outside of the building,

The instrumentation room was situated about
7.6 m (25 ft) away from the pressure tank, the inter-
vening space being fiiled with old and cnused water
boxes. The finstrumentation room contained the (PO,
the control power and the various valvas for evacua-
tion and filling the pressure tank with the gases at
the desired pressures.

The 38~V dc control power to the test contactor
was brought through a contactor. Thi; was done for
isolation as a safety precaution. The vnltage across
the nurmally open contacts of tne conta~tor was
brought to the "EXT" trigger terminal of time base B
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Fig. 2. Schematic of gas circuit for arc

interruption.

of a Tektronix 585 CRO through a network (Fig. 1).
The CRO was operated at its "A delayed by B" mode of
operation. This was done in order to photograph the
steady-state voltage (which was zero) across the con-
tacts and the steady-state current through the con-
tacts prior to arcing so that no part of the traces
of the arcing current and arcing voltage was lost.
The length of the steady-statc traces could be varied
by varying the delay time control of the CRO. The
Tektrontx type M plug-in preamplifier was used in the
chopped mode to record the arc current and voltage
simultaneously, The arc current was measured by a
ribbor. type shunt and the arc voltage was measured by
a 100:1 spectal voltage provce of 12.2 m (40 ft)
length designed in the laboratory.

The sequence of operation was as follows. The
pressure tank was cvacuated by the vacuum pump to a
pressure of 0.58 kPa. The pressure tank was then
pur?ed several tines with the test gas before beinj
filled with the test gas at the desired pressure.
The schematic of the ga; linns and their controls is
shown in Fig, 2. The breaker #) and the ¥nife switcn
in the test area were then closed. The breaker #1
could also oe opened, in case of emergency, by open-
irg a foot switch situated in the ‘instrumentation
rcom. The dc machines were then excited to the
desired voltage. The actual interruption test was
done in ihe foilowing seguence:

1} Close test contactor

2 Close back-up breaker #2
3 Open test contactor

4 Open bark-up breaker #2

(
(
(
\

Tests were ctarted at 200 V dc, continued in
steps t¢ higher voltages and finished at about 1350 V
with a constant resistive load of about 0.8 chm and
about 61 m (200 ft) of conrecting cables,

Tests were performed f{r, five gases ~. argon
dry air, nitrogen, helium an? hydrogen, each at four
pressures __ 0,17, 0.34, 0.52 and 0.69 MPa (25,
50, 75 and 100 psig). The purity and dew point of
euch yas are shown in Table i.

Generally, threc interruptions were made at each
vo (tage level, The contacts were changed after each
serfes of test. The main body of the contactor and
the arc chute were (hanged only when the gas was
changed, For i{nstance, the same main body and the
src chute of the te-t contactor were used for all
tests {in hydrogen, but the contacts were changed
sfter each sevies of test at a constant pressure.

TABLE 1
Specifications of Gases Used

Argon Dry Air Nitrogen Helium Hydrogen
Purity X 99.997 - 99.998 99.995 99.5
Dew Point -60 -62.2 -62.2 -60 -60

oc

Th. test contactors never failed to interrupt
the pomer. The tests were usually terminated when
the highest allowable voltage of the dc machines was
reached or the arcing time was too lorg or if the
safety valve of the pressure chamber opened because
of excessive pressure build up.

The summary of the test results s shown in
Figs. 3 and 4. Average arcing times are plotted
against interrupting power on semilog parers to
factlitate comparisor of performznce among the five
gases. Typical oscillograms of arc current and arc
voltage in the five gases at 0.17 MPa (25 psig) and
two system voltages are shown in Figs. 5 to 9. The
physica) conditions of the contacts after each series
of tests are shown in Fig., 10.

DISCUSSION

It should be emphasized that all tests were per-
formed with a constant resistive load of 0.82 ohm and
the inductance associated with approximately 61 m
(200 ft) of connecting cable. The interrupting power
was varied by varying the source voltage. This was
done because of two —easnns. First, it was simpler
and faster to vary tne interrupting power by varying
the voltage. Second, contact sticking problem was
eacountered when tne interrupting pcwer was increased
by loweri:g the Jload resistance with the source
voltage held constant at 600 V. !t §s believed that
it is more difficult to interrupt a given power with
highe- source voltage than with higher load current,
neglec.ing the contact sticking problem. This belief
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J00A/square; 10ms/square
200V/square; 10ms/square

Current trace:
Voltage trace:
Fig. 5. Oscillograms of arc current and arc voltage
at 0.17 MPa (25 peig) ir argon at 600 Vdc.

is tised on the fact that “he arc voltage has tc be
high:r than the source voltage for successful inter-
ruption in dc systems.

It was found that the contuct sticking problem
way particularly severe with plain copper contacts.
it also appeared that the contact sticking problem
was minimized when the moving contact was the posi-
tive electrode. A1l tests described in this paper
were performed with copper contacts brazed with
silver contact plates and with the meving contact
connected to the pnsitive side ~f the source voliage.

1t will be evident from Figs. 3 and 4 _.hat thz
static ’as pressure does not seem tc have eny signif-
fcant effect on the arcing time.

Comparing the five gases (Figs. ) and 4), 1t wes
found that the arcing time was the lcngest ir argon,
Air and nitrogen are comparable to each other, laking
tie second longest time tn interrupt an arc. Helium
and hyirogen take the shortest time to interrupt an
arc.

The performance of the various gases can be
qualitatively assessed by studying their physical and
thermodynamic properties. The arc'ag time T, of a
dc arc can be expressed as [15)

o

Ta = Lf; 01/(V-Ri-Vy)

where V = source voltage,

L = system inductance,

R = system resistance,

1 = initial arc current,

i = instantaneous arc current, and

Va = arc voltage.

The arc voltage V, must be higher than (V-Ri) for
the arc to quench. For the same system conditions,
the arcing time will decrease if the arc voltage V,
is rectangular and as high in magnitude as possible
without endangering the system insulation [16].

A rectangular arc voltage is never achieved in
practice. MHowever, {its rise time can be shortened by
1ncreasin% tae contact-opening spred of the inter-
rupter. or the same interrupter, however, the rise
time can be significantly reduced, and the magnitude
of the arc voltage increased if the gaseous medium
has high thermal capacity, thermal conductivity and
diffusivity. High therinal capacity of the gas would
lower the arc temperature, thus lowering its ele-tri-
cal conductivity and increasing the voltage drop
across the arc: high thermal conductivity of the gas
would cool down the ar:c column at a high rate by
transfer-ing neat from the arc to the _surrounding
cool gas according to the relationship [17]

dH/at = -kA(aT/ar)

where H = heat flux,
k = thermal conductivity,
A = surface area of the arc column,
T = temperature, and
r = radial distance from the arc.

High diffusivity would deionize the arc column by
transporting the 1i.ns to the surrounding enclosure
accoraging to the relationship 17

an/at = q *+ D¢ln

wherr n = number of fons in a unit volume,
q = number of fons generated in a unit volume/
second,
D = coefficient of diffusion.

The ability to withstand the system transient
recovery voltage after arc quenching 1s also an
important performance criterion for an {interrupter.
The post-arc recovery of an interrupter is achteved
in two sta?es: thermal recovery and dielectric
recovery, mnediately after current zero the ar¢
path would have enough electrical conductivity that
would generate ohmic heating by the resulting
transient recovery voltage. Excessive heating would
cause a restrike. Howpver, if the ions are dispersen
by cooling and diffusion, the therma) recovery of the
arc path will be complete. Hijh thermal conductivity
and diffusivity of the gas would play an {mportant
role for successful therma) recovery. Dielectric
recovery starts after the thermal recovery s
complete, when no ohmic heating of the arc path teke.
place. The dielectric strength of a gas fincreases a¢
its temperature decreases. The interrupter will have
a successful dielectric recovery {f the rate of rise
of the transient recovery vultage and the rate of
dielectric recovery are such that the instaniancous
value of the transient recovery voltage i{s never
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{a) At 600 vdc
Current tracc:
Voltage trace:

300A/square; Sms square
500y/square; 5ms square

Fig. 6.

(a) At 600 Vdc
Current trace:
Voltage trace:

300A/square; 5ms/square
500V/square; 5ms/square

Fig. 7.

(b) At 1200 Vdc
Current trace:
Yoltage trace:

750A/square; S50ms/square
8500V/square; 50ms/square

Oscillograms of arc currents and arc voltages at 0.17 MPa (25 psig) in dry air.

At 1200 vdc
Current trace:
Voltage trace:

(b)
7150A/square; 50ms/square
500V /square; 50ms/square

Osci'lograms of arc currents and arc voltages at 0.17 MPa (25 psig) in nitrogen.

(a) At 600 vdc
Current trace: J0OA/square; 2ms/squére
Voltage trace: 500V/square; 2ms/square
Fig. B. Oscillograms of arc currents and arc
higher than the instantaneous dielectric strength of

the gis at the arc path.
dielectric strength,.

This requires a gas of high

Table !l shows the pertinent physical and ther-
modynamic propertier of the gases. Dats on the dif-
fusivity are not readily available. T' erefore, the
aata on mobility are given, because mobility is
directly proportional to the coefficient of diffusion
by the finstein relation. The temperiture and pres-
sure conditions of this Table do nut represent those
of an actual interrupter. However, the dara show the
ralative standing cf the gases.

in Table 11
that the

The data
mei.tsl evidence

corroborate Jur experi-
orc duralion 1in argon

<

At 1200 vdc
Current trace:
Voltage trace:

(b)

750A/square; bSms/square
500V/square; Sme/square

voltages at 0.17 MPa (25 psig) in he’ium.

fs the longest, and that in helium and hydrogen the
shortest. None of the gases has high dielectric
strength, However, the hiyh cooling rate of helium
and hydrogen would provide high post-arc recovery
rate which s @8 criticsl performance criterion for
circuit interruption.

Only visual inspection was made of the physical
conditions of the contacts, arc chute and the main
body of the contractor. The contacts are shown 1in

Fig. 1J. 1t will be noticed from Fig. 10 that the
silver-tipped contacts are eroded the Jleast in
sargon.  Hydrogen eroded the contacts the most.

Interruption n hydrogen produced heavy blisters on
the coantact tips and charred the contact surface
black. Dry air and nitrogen are comparsble to each



(a) At 600 vdc
Current trace:
Voltage trace:

300A/square; 2ms/square
500V/square; 2ms/square

Fig. 9.

other for contact erosion, and are the second worst
media. Helium is the second best medium for contact
erosion. For contact erosion, the gases are, 1in
order of preference: Argon, helium, air/nitrogen and
hydrogen. The arc chute remained fairly uncamaged in
811 five gases. However, the main body of the con-
tactor was damaged during interruption in argon and
air. In nitrogen at 0.17 MPa, part of the arc runner
troke loose because of melting caused presumably by a
stationary arc. The molten metal dropped on the
bolts of the contarts, thus making it irpossible to
disassemble.

It should be observed from the oscillograms of
Figs. 5 to 9 that arc finterruption is completed in
two stages. During the first «tage, the arc voltage
increases slowly with the accompanying zlow decrease
of the arc current. Ouring the second stage, the arc
voltage increases rapidly accompained by & rapid
decrease of the arc current. The first stage occurs
during the opening of the contacts when the arc 1is
sti11 stationary. During .re second stage, the arc
is blown to the arc runners by the blow-out coil and
is, therefore, rapidly ncreasing 1in length. The
duration of the first stage in hydrogen seems to be
longer than that in tne other four gases. The ex-
cessive contact erovsi A in hydrogen m8y have been
caused in part by lirqering stationary arc.

Ypltage spikes were obServed at the instant of
interryption 1n nitrogen, hydrogen and hcifum, the
highest vo'tage spikes being generated by hydrogen.
Hydrogen prnduced voltage spikes also during arcing,
An arc in hydrogen will thus act as a source of
broadband elec'rical nofse. Negative current spikes
we e alse observed 8t the instant of interruption n
hydrogen, especia’ly at lower source voltage levels.

TABLT 11

I'ertinent Physicsa and Thermodynamic Properties
of Gase. at /2/3n and 760 mm Mg

e e B Ny K Ho
Spe: 1f1c heat capacity Cp 0.5%2 1.04 5.19 14,19
(J7g-x} [18] - [20]

Thermal condur tivity 8.6 23.0 142.0 162.C
(mw/m-r) {19)- [71]

Mobitity of positive tons 1.3y 27 5.08 5.9
{em/s/V/cm) f|7]

Voltage yradient in arc at 6 1% 20 5%
1= 20 &7 (viem) [17]

Minimum sparking voltage 137 ¢9) 156 2713

) 1]

(b) At 1200 Vdc
Current trace:
Voltage trace:

750A/square; 5ms/square
1000V/square; Sms/square

Oscillograms of arc currents and arc voltages at 0.17 MPa (25 psig) in hydrogen.

G ke
= YR
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Fig. 10. Photograph of contacts aftcr each series

of tests.

The inferior performance of argon as & medium of
ar: interruption was previously shown by Farrall and
Cobine at a much lower power level [6] . Our results
confirm this observation at a higher pcwer level.
However, it was surprising to observe that corniact
erysion was the least with argon in spite of the
longest arc duration. Chemical reaction of the Sur-
rounding gas with the contact material 1{s partly
responsible for contact ercsic-. Argon, being one of
the most inert gases, would have thg least reaction
with the contact materials. Perhaps this is the
reason for the least contact erosion in argon.

Although Farrall and Cobine [6] showed that
heliuym is inferior to nitroger for arc interruption
abose 5 A, pur test results place helium in the sare
clasy as hydrogen. This is in line with the otue: va-
ti~n of Yoon and Spindle [11] who found thai the arc
time :onstant for helium {s much shorter than tha of
either air or nmitrogen.

Yoon and spindle [13] found that the arc time
constant in nitrogen iy several times larger thar
that in str, altaough Farrall and Cobire [€] foun:
the average arc duration in nitorgen comparaliic wiih
that in hydroger above 20 A. QOur test results shim
that air anc nitrogen are comparable as arc inter-
rupting media.

The perforrance of
up to our expectations.

hydrogen did not quite come
Although our tests were nat



carried out up to faflure, comparing the |r:1n1 times
it 13 estimated that the interrupting ability ot
hydrogen woild not be better than ten times “hat of
air under our experimental conditions. It 1s antic-
ipated thrt the influence of tne arc rumners and the
arc chute might have masked the influence of the sur-
rounding gas to some degree.

The long delay of the hydrogen arc in being
transferred to the src rynners has certainly con-
tributed to the limitation. Because of incompatibil-
ity betwsen hydrogen and silver-tipped contacts,
blisters appeared at the origin cf the arc on the
contscts. This produced "sticking™ of the arc at its
roots. It is anticipated that this required larger
force to move the #rc on to the arc rumner; hence,
the delay.

CONCLUS JONS
(1) For the test conditions:

in helwum and
and that n

(z) the average arcing times
hydrogen are the sho-test
argon the longest;

(b) contact erosion in hydrogen {3 the worst
ang that in argon the least; and

(c) the static pressure ir the chamber does
not appear to have much effect on the arc
interruption pnenomenor.

(2) For relatively low-power and slow-speed inter-
ruptions, such as contactors, argon would be the
bes' medium because it produces the least con-
tact erosion. For high-power and high-speed
interruptions, such as circuit Lreakers, heliwur
or hydroger would be the most suitable.
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